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Magnetic resonance imagingDiffusion kurtosis imaging (DKI) is an extension of diffusion tensor imaging (DTI), exhibiting improved sensitiv-
ity and speciﬁcity in detecting developmental and pathological changes in neural tissues. However, little atten-
tion was paid to the performances of DKI and DTI in detecting white matter abnormality in schizophrenia. In
this study, DKI and DTI were performed in 94 schizophrenia patients and 91 sex- and age-matched healthy con-
trols. White matter integrity was assessed by fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity
(AD), radial diffusivity (RD), mean kurtosis (MK), axial kurtosis (AK) and radial kurtosis (RK) of DKI and FA, MD,
AD and RD of DTI. Group differences in these parameters were compared using tract-based spatial statistics
(TBSS) (P b 0.01, corrected). The sensitivities in detecting white matter abnormality in schizophrenia were MK
(34%) N AK (20%) N RK (3%) and RD (37%) N FA (24%) N MD (21%) for DKI, and RD (43%) N FA (30%) N MD
(21%) for DTI. DKI-derived diffusion parameters (RD, FA and MD) were sensitive to detect abnormality in
white matter regions (the corpus callosum and anterior limb of internal capsule) with coherent ﬁber arrange-
ment; however, the kurtosis parameters (MK and AK) were sensitive to reveal abnormality in white matter re-
gions (the juxtacortical white matter and corona radiata) with complex ﬁber arrangement. In schizophrenia,
the decreased AK suggests axonal damage; however, the increased RD indicates myelin impairment. These ﬁnd-
ings suggest that diffusion and kurtosis parameters could provide complementary information and they should
be jointly used to reveal pathological changes in schizophrenia.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
Diffusion tensor imaging (DTI) is the most commonly used MRI
method that has been applied to evaluate white matter changes of the
brain (Catani et al., 2002; Mori et al., 2002; Pierpaoli et al., 1996).
Among the parameters derived from DTI, the fractional anisotropy
(FA), measuring the degree of anisotropy and ranging between 0
(fully isotropic diffusion) and 1 (fully anisotropic diffusion), is the
most commonly used parameter of white matter integrity (Beaulieu,
2002; Bennett et al., 2010; Gulani et al., 2001; Le Bihan et al., 2001).
The FA reduction has been found inmultiplewhitematter regions in pa-
tientswith schizophrenia (Abdul-Rahmanet al., 2011; Buchsbaumet al.,
1998; Ellison-Wright et al., 2014; Ellison-Wright and Bullmore, 2009;
Kunimatsu et al., 2012; Kyriakopoulos et al., 2008; Nazeri et al., 2013;
Rosenberger et al., 2012). Therefore, schizophrenia is an ideal model
to test the sensitivity differences in detecting abnormality inwhitemat-
ter integrity between different imaging methods. In addition, meany, Tianjin Medical University
ianjin 300052, China.
. This is an open access article underdiffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD) can
also be calculated from DTI data and reﬂect different pathological
changes in schizophrenia (Budde et al., 2007; Song et al., 2003).
Conventional DTImeasureswater diffusion based on the assumption
that the displacement distribution of water molecule in a given time is a
Gaussian function (Basser and Jones, 2002). However, this assumption
may not be valid in biological tissues where water molecules often
show non-Gaussian diffusion due to the presence of barriers such as
cell membranes and organelles (Tuch et al., 2003). Several approaches
have been proposed to characterize the non-Gaussian diffusion, such
as the Q-space imaging (Assaf et al., 2002a; Assaf et al., 2002b) and
diffusion spectrum imaging (Wedeen et al., 2005). However, the appli-
cation of these techniques as routine clinical protocols has been chal-
lenged by its longer scan times and higher hardware demands.
Recently, diffusion kurtosis imaging (DKI) has been proposed to
characterize non-Gaussian diffusion by estimating the excess kurtosis
of the displacement distribution (Hui et al., 2008; Jensen et al., 2005;
Jensen and Helpern, 2010; Lu et al., 2006; Veraart et al., 2011a). Based
on DKI data, both diffusion parameters (FA, MD, AD and RD) and kurto-
sis parameters including mean kurtosis (MK), axial kurtosis (AK) and
radial kurtosis (RK) could be obtained (Jensen et al., 2005; Jensen and
Helpern, 2010; Lu et al., 2006; Wu and Cheung, 2010). The kurtosisthe CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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integrity inwhitematter regionswith complex ﬁber arrangement (Hori
et al., 2012; Lazar et al., 2008; Lu et al., 2006). DKI has exhibited im-
proved sensitivity and speciﬁcity in detecting developmental and path-
ological changes in neural tissues as compared to conventional DTI
(Adisetiyo et al., 2014; Blockx et al., 2012a; Blockx et al., 2012b;
Cheung et al., 2009; Cheung et al., 2012; Falangola et al., 2008; Gao
et al., 2012; Grinberg et al., 2012; Grossman et al., 2012; Helpern et al.,
2011; Hui et al., 2012; Jensen et al., 2011; Raab et al., 2010; Van
Cauter et al., 2012; Wang et al., 2011; Zhuo et al., 2012). In particular,
a pioneer study has compared DKI-derived parameters (MK, FA and
MD) in the prefrontal cortex between schizophrenia patients and
healthy subjects using a histogram analysis approach (Ramani et al.,
2007). A reduction in MK and FA in the white matter of the prefrontal
cortex was observed in schizophrenia patients, which suggested a loss
of microstructural integrity in this region.
In the present study, we reconstructed the white matter skeleton of
the brain using tract-based spatial statistics (TBSS) (Smith et al., 2006)
and compared differences in diffusion and kurtosis parameters within
the skeleton between schizophrenia patients (n=94) and healthy con-
trols (n= 91). The aim of this study is to assess the performances of 11
commonly used parameters derived from DKI (MK, AK, RK, FA, MD, AD
and RD) and DTI (FA, MD, AD and RD) in detecting white matter abnor-
mality in schizophrenia.
2. Materials and methods
This studywas approved by the Ethics Committee of TianjinMedical
University General Hospital, and written informed consent was obtain-
ed from each subject before study enrollment. The funding sources for
this study had no role in the preparation of the manuscript.
2.1. Subjects
A total of 106 patients with schizophrenia and 94 healthy controls
were included in our study. Diagnosis for individual schizophrenia pa-
tient was determined by the consensus of two psychiatrists using the
Structured Clinical Interview for DSM-IV. Inclusion criteria were age
(16–60 years) and right-handedness. Exclusion criteria for all partici-
pants were MRI contraindications, pregnancy, and histories of systemic
medical illness, central nervous system disorder and head trauma that
would affect study results, and substance abusewithin the last 3months
or lifetime history of substance abuse or dependence. Additional exclu-
sion criteria for healthy controls were history of any Axis I or II disorders
and a psychotic disorder and ﬁrst-degree relative with a psychotic dis-
order. After image quality assessment slice by slice by two professional
radiologists, 12 patients and 3 healthy controls were excluded due to
poor quality of imaging data. The ﬁnal sample included 94 schizophre-
nia patients and 91 healthy controls (Table 1). A Chi-square test of Pear-
son and a t-test of Studentwere used to test the group differences in sex
and age, respectively. Therewere no signiﬁcant group differences in sexTable 1
Demographic and clinical characteristics of schizophrenia patients and healthy controls.
Characteristic Schizophrenia
patients
Healthy
controls
P value
Number of subjects 94 91
Age (years) 33.5 ± 8.4 33.5 ± 10.3 0.947
Sex (female/male) 38/56 46/45 0.167
Antipsychotic dosage (mg/day)
(chlorpromazine equivalents)
462.5 ± 346.8 NA
Duration of illness (months) 123.1 ± 98.6 NA
PANSS
Positive score 17.1 ± 7.8 NA
Negative score 19.5 ± 8.2 NA
Note: The data were shown as themean values ± standard deviations. Abbreviations: NA,
not applicable; PANSS, The Positive and Negative Syndrome Scale.(χ2 = 1.912, P = 0.167) and age (t = 0.067, P = 0.947). Eighty-ﬁve
patients were receiving atypical antipsychotic medications when
performing theMRI examinations and the other 9 patients had never re-
ceived anymedications. Clinical symptomsof psychosiswere quantiﬁed
with the Positive and Negative Syndrome Scale (PANSS) (Kay et al.,
1987).
2.2. MRI data acquisition
MRI was performed using a 3.0-Tesla MR system (DiscoveryMR750,
General Electric, Milwaukee,WI, USA). Tight but comfortable foampad-
ding was used to minimize headmotion, and earplugs were used to re-
duce scanner noise. DKI data were acquired by a spin-echo single-shot
echo planar imaging (EPI) sequence with the following parameters
(Jensen and Helpern, 2010): repetition time = 5800 ms; echo time =
77 ms; matrix = 128 × 128; ﬁeld of view = 256 × 256 mm; in-plane
resolution = 2 × 2 mm; slice thickness = 3 mmwithout gap; 48 axial
slices; 25 encoding diffusion directions with two values of b (b =
1000 and 2000 s/mm2) for each direction and 10 non-diffusion-
weighted images (b = 0 s/mm2). The total acquisition time for DKI
was 5 min and 54 s. All images were visually inspected to ensure only
images without visible artifacts were included in subsequent analyses.
2.3. Theoretical models of DTI and DKI
Conventional DTI assumed that the water molecules diffuse freely
and unrestrictedly with a Gaussian distribution of diffusion displace-
ment. For a given diffusion-encoding direction, the apparent diffusivity
(Dapp) of water molecules can be calculated by linearly ﬁtting the
diffusion-weighted signals acquired with one or more b-values to the
following equation (Basser and Jones, 2002; Basser and Pierpaoli, 1996):
ln
SðbÞ
Sð0Þ ¼−bDapp
where S(0) is the signal intensity without diffusion weighting and
S(b) is the diffusion-weighted signal intensity at a particular b-value.
DKI assumed that the diffusion of a water molecule follows a non-
Gaussiandistribution due to restriction by the tissuemicrostructure. Dif-
fering from conventional DTI, DKI ﬁts the diffusion-weighted signal in a
given diffusion direction as a function of the b-value to the following
equation (Jensen et al., 2005; Jensen andHelpern, 2010; Lu et al., 2006):
ln
SðbÞ
Sð0Þ ¼−bDapp þ
1
6
b2D2appKapp
where Dapp is the apparent diffusion coefﬁcient and Kapp is the apparent
diffusion kurtosis. With these two tensors, a number of diffusion and
kurtosis parameters can be determined.
2.4. Calculation of diffusion and kurtosis parameters
Eddy current-induced distortion and motion artifacts in the DKI
dataset were corrected using afﬁne alignment of each diffusion-
weighted image to the b = 0 image using FMRIB3s diffusion toolbox
(FSL 4.0, http://www.fmrib.ox.ac.uk/fsl). After skull-stripping, Diffu-
sional Kurtosis Estimator (http://www.nitrc.org/projects/dke) was im-
plemented to calculate the diffusion and kurtosis tensors using the
constrained linear least squares-quadratic programming (CLLS-QP) al-
gorithm as described previously (Tabesh et al., 2011). All the data
(b = 0, 1000, 2000 s/mm2) were used for DKI ﬁtting because DKI pa-
rameters (MK, AK, RK, FA, MD, AD and RD) can only be estimated
based on at least two non-zero b values in more than 15 independent
directions (Hui et al., 2008; Poot et al., 2010). Only images with b = 0
and 1000 s/mm2were employed for DTI ﬁtting because DTI parameters
(FA,MD, AD and RD) can be estimated using amono-exponentialmodel
based on a single non-zero b value in six independent directions.
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The following steps were adopted for the TBSS analysis (Smith et al.,
2006). All subjects3DKI_FA imageswere aligned to a template of averaged
FA images (FMRIB-58) in theMontrealNeurological Institute (MNI) space
using a non-linear registration algorithm implemented in FNIRT (FMRIB3s
Non-linear Registration Tool). After transformation into the MNI space, a
mean DKI_FA imagewas created and thinned to generate amean DKI_FA
skeleton of thewhitematter tracts. Each subject3s DKI_FA imagewas then
projected onto the skeleton via ﬁlling the mean DKI_FA skeleton with
DKI_FAvalues from thenearest relevant tract center by searchingperpen-
dicular to the local skeleton structure for maximum DKI_FA value. The
registration and projection information derived from the DKI_FA analysis
were then applied to the other 10 parametric images of each subject to
ensure an exact spatial correspondence of the different parameters.
Voxel-wise statistical analysis across subjects on the skeleton space
was carried out using a permutation-based inference tool for nonpara-
metric statistic (“randomize”, part of FSL). Group comparisons between
schizophrenia patients and healthy controls were performed using a
general linear model with age and gender as covariates of no interest.Fig. 1. TBSS shows white matter regions with signiﬁcant differences in the DKI_MK, DKI_AK an
Green representsmean FA skeleton of all participants; red denotes increase and blue represents
centage of the abnormal voxels relative to the whole skeleton voxels for each parameter.The mean DKI_FA skeleton was used as a mask, and the number of per-
mutationswas set to 5000. To simultaneously control for both type I and
type II errors, the signiﬁcance thresholdwas determinedwith a P b 0.01
(two-tailed) after correcting for family-wise error (FWE) using the
threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009)
option in FSL. To facilitate visualization, results were thickened using
the tbss_ﬁll script implemented in FSL. Fiber tracts corresponding to
the clusterswere identiﬁedwith reference to the Johns HopkinsUniver-
sity ICBM-DTI-81 White-Matter Labels provided in the FSL toolbox. To
quantitatively compare the sensitivity of parameters from DKI and DTI
in detecting white matter integrity impairments in schizophrenia, we
also calculated the percentage of the abnormal voxels relative to the
whole skeleton voxels for each parameter.
3. Results
3.1. Kurtosis parameters from DKI
The white matter ﬁbers with signiﬁcant intergroup differences
(P b 0.01, two-tailed, FWE corrected) in DKI-derived kurtosisd DKI_RK between schizophrenia patients and healthy subjects (P b .01, FWE corrected).
reduction in schizophrenia patients. The percentage in the left column represents the per-
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phrenia patients exhibited signiﬁcantly decreased kurtosis parameters
in white matter regions with complex ﬁber arrangement, such as in
the juxtacortical white matter and corona radiata (CR). DKI_MK,
DKI_AK and DKI_RK could detect abnormal diffusion in 34%, 20% and
3% voxels of the whole white matter skeleton, respectively.3.2. Diffusion parameters from DKI
The white matter ﬁbers with signiﬁcant intergroup differences
(P b 0.01, two-tailed, FWE corrected) in DKI-derived diffusion parame-
ters are shown in Fig. 2. Compared to healthy controls, schizophrenia
patients exhibited reduced DKI_FA in white matter regions with coher-
ent ﬁber arrangement, such as the corpus callosum (CC) and anterior
limb of internal capsule (ALIC). Schizophrenia patients also showed in-
creased DKI_MD and DKI_RD relative to healthy controls. However,
there was no signiﬁcant difference in DKI_AD between the two groups.
DKI_RD, DKI_FA and DKI_MD could detect abnormal diffusion in 37%,
24% and 21% voxels of the whole white matter skeleton, respectively.Fig. 2. TBSS shows white matter regions with signiﬁcant differences in the DKI_FA, DKI_MD an
Green representsmean FA skeleton of all participants; red denotes increase and blue represents
centage of the abnormal voxels relative to the whole skeleton voxels for each parameter.3.3. Diffusion parameters from DTI
The white matter ﬁbers with signiﬁcant intergroup differences
(P b 0.01, two-tailed, FWE corrected) in DTI-derived diffusion parame-
ters are shown in Fig. 3. Similar with changes in DKI-derived diffusion
parameters, schizophrenia patients demonstrated reduced FA, in-
creasedMD and RD, and unchanged ADwhen compared to healthy con-
trols. DTI_RD, DTI_FA and DTI_MD could detect abnormal diffusion in
43%, 30% and 21%voxels of thewholewhitematter skeleton, respective-
ly. More speciﬁcally, schizophrenia patients exhibited decreased DTI_FA
and increased DTI_RD inwidespreadwhitematter regions including the
temporal and frontal lobes, CC, ALIC and fornix.4. Discussion
In our study, extensive white matter impairments were found in
schizophrenia patients compared to healthy subjects using both DKI
and conventional DTI.We observed that DKI-derived kurtosis and diffu-
sion parameters were sensitive to detect abnormality in white matterd DKI_RD between schizophrenia patients and healthy subjects (P b .01, FWE corrected).
reduction in schizophrenia patients. The percentage in the left column represents the per-
Fig. 3. TBSS shows white matter regions with signiﬁcant differences in the DTI_FA, DTI_MD and DTI_RD between schizophrenia patients and healthy subjects (P b .01, FWE corrected).
Green representsmean FA skeleton of all participants; red denotes increase and blue represents reduction in schizophrenia patients. The percentage in the left column represents the per-
centage of the abnormal voxels relative to the whole skeleton voxels for each parameter.
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rameters were sensitive to detect abnormality in white matter regions
with complex ﬁber arrangement; however, the DKI-derived diffusion
parameters were sensitive to detect abnormality in white matter re-
gions with coherent ﬁber arrangement. Moreover, the MK decrease in
schizophrenia is predominantly driven by the AK decrease; in contrast,
the FA decrease is mainly caused by the increase of RD.
The conventional diffusion parameters are estimated by the mono-
exponential model, which makes their values depend on the selection
of b-values (Veraart et al., 2011a). Because the DTI_FA reﬂects the
mean anisotropy of a voxel, it cannot accurately estimate the anisotropy
of whitematter voxels with multiple ﬁbers in different directions. As an
extension of the DTI model, DKI requires at least two non-zero b values
in more than 15 independent directions (Hui et al., 2008; Poot et al.,
2010). Using a second-order polynomial model, DKI provides a b-
value-independent estimation of the diffusion (Veraart et al., 2011a;
Veraart et al., 2011b) and kurtosis parameters (Jensen et al., 2005;
Jensen and Helpern, 2010; Lu et al., 2006). Theoretically, DKI is an
ideal technique for estimating the restricted diffusion process in vivo,and could be a valuable tool for detecting pathological alterations in
neural tissues.
The diffusion and kurtosis parametersmeasure different characteris-
tics of water diffusion and have different sensitivities in detecting ab-
normality in white matter regions with different microstructures. As
themost commonly used diffusion parameter, the DKI_FAmeasures di-
rectional anisotropy of water molecules in a given voxel and is suitable
for assessing white matter regions with coherent ﬁber arrangement.
However, it has limited capacity of detecting diffusion changes in
white matter regions with complex ﬁber arrangement, such as ﬁber
crossing (Douaud et al., 2011; Jbabdi et al., 2010; Vos et al., 2012). The
DKI_MK, themost characteristic parameter of DKI, measures the degree
to which the diffusion displacement probability distribution is non-
Gaussian and is suitable for assessing white matter regions with com-
plex ﬁber arrangement (Lazar et al., 2008). Therefore, the diffusion
and kurtosis parameters are suitable for evaluating differentwhitemat-
ter structures and the combination of these two parameters may im-
prove the sensitivity in detecting alterations in white matter integrity
in brain disorders. This theoretical prediction has been validated by
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DKI_FA) were mainly located in white matter regions with coherent
ﬁber arrangement, such as the CC and ALIC; however, reduced kurtosis
parameters (especially DKI_MK) were observedmainly inwhitematter
regionswith complexﬁber arrangement, such as the juxtacortical white
matter and CR. Theseﬁndings suggest that researchers should select ap-
propriate DKI parameters to sensitively detect diffusion changes in spe-
ciﬁc white matter regions in schizophrenia.
In the current study, schizophrenia patients demonstrated lower
DTI_FA in widespread white matter regions, especially the temporal
and frontal lobes, CC, ALIC and fornix, which are consistent with previ-
ous DTI studies (Abdul-Rahman et al., 2011; Ellison-Wright et al.,
2014; Ellison-Wright and Bullmore, 2009; Kunimatsu et al., 2012;
Kyriakopoulos et al., 2008; Rosenberger et al., 2012). Decreased MK
and FA in thewhitematter of the prefrontal cortex in schizophrenia pa-
tients observed in this study are in linewith a pioneer study using a his-
togram analysis approach (Ramani et al., 2007). Among the diffusion
parameters derived from either DKI or DTI, the increased RD was the
most prominent change in schizophrenia. The increased RD and un-
changed AD may suggest myelin abnormalities in schizophrenia, which
is in line with previous studies (Lee et al., 2013; Scheel et al., 2013; Seal
et al., 2008). In contrast, the MK decrease in schizophrenia is predomi-
nantly driven by the decrease of the AK. The reduced AK reﬂects de-
creased microstructural complexity along the axial direction of white
matter ﬁbers, which may suggest disrupted axonal integrity in schizo-
phrenia (Wu and Cheung, 2010). Therefore, the combination of diffusion
and kurtosis parameters, especially directional parameters,may improve
our understanding on the pathological changes in schizophrenia.
This study has several limitations that should be addressed in future
work. Firstly, we only focused on the capacity of DKI and DTI in detect-
ing abnormality in white matter skeleton reconstructed using the TBSS
method; however, their performance differences could be investigated
either in white matter regions using an appropriated atlas or in white
matter ﬁber tracts reconstructed by tractography in future studies. Sec-
ondly, our study lack correlation analyses between imaging parameters
and clinical data, although the primary purpose of this article is to test
the feasibility of DKI in schizophrenia researches. Future studies which
correlate DKI parameters with clinical characteristics are needed to
test whether the DKI can be used as a clinical biomarker although the
biophysical property underlying the kurtosis is still not fully understood
and needs ex vivo validation. Thirdly, we did not collect information of
educational levels, which may be different between the two groups
and may affect our results. Finally, we did not analyze performances of
DKI and DTI in detecting graymatter abnormalities in schizophrenia be-
cause previous studies have found signiﬁcant partial volume effect of
cerebrospinal ﬂuid on the diffusion parameters of the gray matter (Hu
et al., 2008; Yang et al., 2013). This effect may be more prominent in
the signiﬁcantly atrophic gray matter in schizophrenia (Crow et al.,
1980; Weinberger and Wyatt, 1980).
In conclusion, this study demonstrated that the DKI-derived diffu-
sion and kurtosis parameters were sensitive to detect abnormality in
white matter regions with different ﬁber arrangements, which may
guide researchers to use an appropriate DKI parameter to detect abnor-
mality in speciﬁcwhitematter regions.We also conﬁrm that the combi-
nation of directional diffusion and kurtosis parameters could provide
more directionally speciﬁc and complementary information, which
may improve our understanding on the underlying pathological chang-
es in schizophrenia. These ﬁndings suggest that multiple diffusion and
kurtosis parameters should be jointly used to reveal pathological chang-
es in schizophrenia.
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